ABSTRACT Single, rf-trapped ions find various applications ranging from metrology to quantum computation. Highresolution interrogation of an extremely weak transition under best observation conditions requires an ion almost at rest. To avoid line-broadening effects such as the second-order Doppler effect or rf heating in the absence of laser cooling, excess micromotion has to be eliminated as far as possible. In this paper the motional state of a confined three-level ion is probed, taking advantage of the high sensitivity of observed dark resonances to the trapped ion's velocity. Excess micromotion is controlled by monitoring the dark-resonance contrast with varying laser-beam geometry. The influence of different parameters such as the cooling laser intensity has been investigated experimentally and numerically.
Introduction
Dark resonances in a three-level system, also called coherent population trapping, are a well-known example of destructive quantum interference based on the interaction of two light fields generating the coherent superposition of two atomic states. Various applications of the coherent population trapping scheme can be found in atomic physics from high-resolution spectroscopy to subrecoil laser cooling of an atom cloud [1] or electromagnetically induced transparency (EIT) cooling of single ions [2] [3] [4] . Dark resonances have been readily observed in trapped ions, almost exclusively with co-propagating laser beams [5] [6] [7] [8] . In general, the observed splitting of the various Zeeman levels is used for an exact quantitative calibration of the local magnetic field.
Single ions confined in radio-frequency (rf) traps are ideal candidates for different applications of high-resolution spectroscopy such as quantum information or frequency standards in the optical domain [9] . They can be stored in the trap from hours up to months in a quasi-interaction-free environment, oscillating at fixed frequencies in an effective pseudopotential well. Laser cooling of a single trapped ion allows to reach the Doppler-cooling limit, which is in the mK range. To eliminate residual Doppler broadening on a given transition, the ion's excursion along the laser-propagation direction must be smaller than the inverse wavenumber to fulfil the Lamb-Dicke condition [10] . The excitation spectrum of the considered transition is then decomposed into a central carrier and a few sidebands separated by the ion's frequencies of motion (Lamb-Dicke regime).
The excellent spatial localization required by the Lamb-Dicke condition can only be achieved in the low-field region of the rf trapping field. Experimentally, this is realized with the confinement of single ions in the potential minimum of the trap, with one exception where two ions have been stored in an extraordinarily steep, elliptical potential [11] . For this purpose, the pseudo-potential at the position of the ion has to be nearly perfectly symmetric. Flaws in the potential due to asymmetries or patch potentials caused by atom deposition during ion creation may distort the created potential and deviate the minimum of the trap's AC electric field from the minimum of the pseudo-potential well. The resulting displacement of the average position of the ion in the trap causes an increase of the velocity amplitude at the confinement frequency, called excess micromotion, and has to be corrected. The influence of parasitic potentials can be compensated by direct voltages applied to supplementary correction electrodes in the vicinity of the trap. Different experimental techniques have been employed to reduce the excess micromotion of a single trapped ion ([12] and references therein, [13] ). In this paper, we present an additional and straightforward method for the localization of an ion in the miniature trap. We have used coherent population trapping as a tool to minimize the micromotion of the confined ion. Dark resonances depend ideally only on the lifetimes of the two involved atomic states, which in the present experiment are the 4S 1/2 ground state and the metastable 3D 3/2 state (natural lifetime close to 1 s [14, 15] ) of a single calcium ion confined in a miniature cylindrical ring trap. In practice, the lifetime of the dark state is shortened by the linewidth of the lasers, leading to a reduction of the visibility of the dark resonance. The oscillating Doppler shifts encountered by the ion also tend to wash out the dark resonance if the dark state is not stable on the observation time scale. The study of the phenomenon reveals that the maximum sensitivity to the velocity amplitude of the ion is reached with counter-propagating laser beams. The proposed technique is based on the fact that the depth of dark resonances observed in the fluorescence of a single ion increases with the degree of immobilization of the ion. Excess micromotion drastically reduces the lifetime of the dark state, smoothing the observed dark-resonance dip.
In this article, Sect. 2 describes the micromotion generated in the radio-frequency trap; the existing methods to reduce this effect are very briefly reviewed. In Sect. 3, we introduce the formalism for dark resonances, along with the modelling used to obtain a high degree of control of the experimental conditions. Section 4 presents numerical results, while Sect. 5 is devoted to the experimental observation of dark resonances and its use as a tool to reduce excess micromotion. The influence of the main control parameters (laser power, beam geometry, and magnetic field) is discussed.
Although we try to keep our discussion of the dark resonances in a three-level system as general as possible, we use the case of a single trapped calcium ion as an illustration throughout the description of the modelling. Experimental details are given in Sect. 5; the level scheme with the relevant transitions of the calcium ion is depicted in Fig. 1 .
Micromotion in a Paul trap
The motion of a trapped ion in an ideal Paul trap is described by the Mathieu equation [16] 
valid for the three directions u = x, y, z. The values of the coefficients a u and q u , which determine the range of stable confinement of a particle, are defined by the trapping voltage FIGURE 1 Experimental setup with counter-propagating laser beams. The inset shows the first energy levels of a Ca + ion dressed by the blue photons V AC and its frequency /2π , the superimposed DC voltage V DC , and the radius r 0 of the trap as well as the e/m ratio of the trapped ion. To first order in a u and q u , the stable solution of Eq. (1) is
The motion of the confined ion is composed of the harmonic oscillation at frequencies ω u /2π with amplitudes R u called 'secular motion' and the AC-driven 'micromotion' at the frequency of the trapping field /2π . In opposition to the secular motion, micromotion cannot be cooled because it is driven motion. According to Eq. (2), a smaller secular motion amplitude R u leads to a reduced contribution of the micromotion. A displacement D u of the average position of the ion, due to asymmetries in the geometry of the trap and the applied electric fields, causes excess micromotion and can be taken into account as
in the equation of motion. This excess micromotion can possibly prevent the access to the Lamb-Dicke regime.
A complete review of the origin and consequences of the micromotion is given in Ref. [12] . Three experimental methods are commonly used to control excess micromotion of an ion in a radio-frequency trap. Best results are obtained by using all of them, as the collected information is complementary in the three cases. The control parameter is in any case the set of DC voltages applied to the compensation electrodes surrounding the trap. The simplest approach is the observation of the spatial displacement of a trapped ion as the confining potential is lowered. Parasitic potentials then gain in importance and move the ion out of the trap centre. This method requires spatial detection of the ion's fluorescence and is limited to the plane of observation. Another means for the rejection of excess micromotion is to probe the fluorescence linewidth of the laser-cooling transition. When the blue laser is scanned, only the low-frequency side of the atomic resonance is experimentally visible, as the high-frequency detunings induce a Doppler laser heating effect, causing a sudden drop in fluorescence signal. This profile is difficult to calibrate in terms of absolute temperature, but gives a good relative control signal of the ion's kinetic energy when laser powers are fixed. At a given laser frequency, the half-maximum fluorescence signal decreases, for better compensation, as the ion becomes colder and its blue transition linewidth narrower. A more specific observation of the micromotion's influence is the measure of the correlation of the emitted fluorescence photons with the confinement frequency /2π [12] . Actually, the oscillatory motion of the ion causes a frequency modulation of the laser field in the rest frame of the ion, and induces a modulation of the emitted photons at the trapping frequency /2π . To cancel the micromotion, the amplitude of this modulation signal has to be minimized. Best compensation results are obtained by the use of different laser axes for an access to the different projections in space.
The ultimate measurement to determine the absolute degree of localization of the ion in the trap is the detection of
